X-ray absorption spectroscopy at the Cu K-edge is used to study Xray induced photoreduction of copper oxide to metallic copper. Although no photoreduction has been observed in microcrystalline copper oxide, we have found that the photoreduction kinetics of nanocrystalline CuO depends on the crystallite size, temperature and pressure. The rate of photoreduction increases for smaller nanoparticles but decreases at low temperature and higher pressure.
INTRODUCTION
Nanocrystalline copper(II) oxide (CuO) attracts much attention due to a wide range of possible applications, including gas sensors, catalysis, batteries, supercapacitors, field emission displays, nanoenergetic materials, photodetectors and solar cells [1] . Better understanding and optimization of device operation requires monitoring of the oxide structure-functional property relationship under in situ and in operando conditions. Nowadays such studies widely involve experiments utilising high-intensity synchrotron X-ray radiation [2] - [5] .
It is known that in some cases the intense incident X-ray beam may alter the conditions of the experiment and lead to changes in chemical structure and properties of a sample. In particular, a reduction of metal ions, including Cu 2+ , occurs in aqueous solutions due to radiolysis [6] , [7] . Therefore, this effect finds an application for synthesis of metal nanoparticles [6] - [12] . The radiolysis process causes the production of reducing radicals such as hydrated electrons and hydrogen atoms under X-ray or γ-ray irradiation of a solution [13] , [14] .
In this study, we use a polychromatic focused synchrotron X-ray radiation to follow kinetics of nanocrystalline CuO photoreduction as a function of crystallite size, temperature and pressure. Note that we deliberately neglected this effect in our recent study of copper oxide at high pressure due to a short time of the experiment [15] .
EXPERIMENTAL STUDY
Nanocrystalline CuO was prepared by a decomposition of Cu(OH) 2 precipitate in air at the two temperatures of 130 °C and 150 °C [16] . The precipitate was produced by the reaction of aqueous solutions of copper nitrate and sodium hydroxide. Commercial polycrystalline CuO powder (Adrich, 99+% purity) was used for comparison.
X-ray powder diffraction patterns ( Fig. 1 ) of CuO samples were measured at room-temperature using the Bruker AXS D2 PHASER Bragg-Brentano θ/θ diffractometer equipped with the LynxEye detector and copper anode (Cu Kα) tube. The samples were rotated during the measurements, and their patterns were collected in the angular range 2θ from 10° to 90° with the step of ∆(2θ)=0.04°. The lattice parameters and crystallite sizes were evaluated from the analysis of diffraction patterns by the Rietveld method [17] using the Profex code [18] . Pressure and temperature dependent Cu K-edge X-ray absorption spectroscopy studies of nanocrystalline and microcrystalline CuO samples were performed using the dispersive setup of the ODE beamline at SOLEIL synchrotron [20] . The SOLEIL synchrotron operated in the top-up mode with the energy E=2.75 GeV and current I=450 mA. The X-ray synchrotron radiation, produced by bending magnet, was dispersed and focused by a cooled single-crystal Si(111) monochromator bent in four points. The polychromatic photon flux on the sample was about 109 photons/s/ eV in 25×35 µm FWHM. Two mirrors installed before and after the monochromator were used for a harmonic rejection. X-ray absorption spectra were recorded by a Princeton Instruments PIXIS-400 CCD camera coupled with a scintillator. The sample pressure and temperature were controlled using a membrane-type nano-polycrystaline diamond anvil cell (NDAC) [21] , [22] and liquid helium cryostat. The silicon oil (Rhodorsil Oils 47V100) was used as pressure transmitting media. The pressure in the cell was monitored using the position of the R1-line of ruby fluorescence excited by a 473 nm DPSS laser.
RESULTS AND DISCUSSION
The results of the Rietveld refinement of the X-ray diffraction patterns (Table  1) suggest that the lattice parameters of nano-sized CuO are close to that of microcrystalline powder. Some evidence of the lattice expansion upon crystallite size reduction is observed; however, the effect is rather small. Note that the unit cell volume expansion was found previously in CuO powders with the average grain size of about 9.5-35.1 nm and explained by an influence of strain or oxygen depletion [23] . The effect of temperature on the X-ray induced photoreduction of nano-CuO (8 nm) is shown in Fig. 2 for three temperatures (10, 190 and 260 K) at the pressure P =1-2 GPa. The appearance of metallic copper is well visible at T =260 K as a growing shoulder at 8983 eV and a reducing main peak at 9000 eV. However, the reduction process is not fully completed even after 70 min. A decrease of temperature down to 10 K significantly slows down the photoreduction of the oxide to metallic copper. At low temperature (10 K), the photoreduction of small (8 nm) CuO nanoparticles occurs only at low pressure (P =1 GPa), whereas no effect is visible at 8 and 16.8 GPa (upper panels in Fig. 3 ). Thus, a retardation of the photoreduction effect due to radiolysis can be achieved by increasing pressure.
At the same time, a complete conversion of nano-CuO (8 nm) to metallic copper occurs for about 0.5 h at 300 K for the pressure below ∼8 GPa (middle panels in Fig. 3 ). Upon increasing crystallite size to 20 nm, the reduction process takes more time (about 1.5 h) at the pressure below ∼8.3 GPa (lower panels in Fig. 3 ). Further increase of pressure up to 23 GPa stabilizes the oxide phase in 20 nm CuO crystallites.
CONCLUSIONS
X-ray induced photoreduction of copper oxide placed in a diamond anvil cell has been studied using synchrotron radiation X-ray absorption spectroscopy at the Cu K-edge as a function of crystallite size, temperature and pressure. We have not observed any photoreduction in the case of microcrystalline copper oxide, but it has clearly been detected from the change in X-ray absorption near edge structure of nanocrystalline CuO. The rate of CuO photoreduction to metallic copper increases with a decrease in nanoparticle size, but slows down with a decrease in temperature or an increase in pressure. These findings are important for all studies dealing with high-flux X-ray beams, in particular, in the case of nanosized CuO catalysts.
